The photoelectrochemical properties of TiO 2 anatase nanoparticles were studied at the water|1,2-dichloroethane (DCE) interface under potentiostatic control. The interfacial concentration of the electrostatically stabilized particles can be effectively tuned by the Galvani potential difference and the pH of the aqueous phase. At pH values lower than that corresponding to the point of zero zeta potential, the particles assemble at the liquid|liquid boundary region upon positive polarization with respect to the Galvani potential in the organic phase. Upon band-gap illumination, photocurrent responses are observed in the presence of ferrocene in the organic phase. The potential and wavelength dependencies of the photocurrent unambiguously reveal that the photoresponses arises from the transfer of valence-band holes to the redox couple in DCE. The hole transfer is mediated via the generation of OH s
Introduction
The photochemical properties of TiO 2 nanoparticles have been extensively studied in homogeneous phases for a variety of processes including water splitting and the photocatalytic destruction of pollutants. 1, 2 In aqueous media, photogenerated holes are readily captured by OH -, leading to the formation of OH s • radicals at the particle surface. This radical can eventually induce the oxidation of species in solution or the formation of surface-bound H 2 O 2 . On the contrary, electrons react more slowly with either oxygen or adsorbed protons. The difference in reactivity of electrons and holes determines the quantum yield of a photochemical reaction, which is also affected by recombination processes. Despite the overwhelming literature on the photochemistry of TiO 2 colloids, little is yet known about the properties of these particles as "photoelectrodes" at molecular interfaces.
Mesoporous films based on TiO 2 nanoparticles have also been studied as photoactive materials. [3] [4] [5] [6] The behavior of these films as photoelectrodes is affected by the applied bias potential. In contrast to bulk semiconductors, nanocrystalline domains cannot withstand a depletion layer under reversed bias; consequently, electron transport to the back contact occurs primarily by diffusion. [7] [8] [9] The transport properties of electrons are strongly determined by the occupancy of trap states distributed across the film. The trap occupancy is a complex function of the bias potential and the illumination intensity. 6, [9] [10] [11] [12] [13] [14] [15] [16] Charge transport through the mesoporous metal oxides is an essential aspect in the performance of dye-sensitized nanocrystalline solar cells (DSNSCs), in which electron injection take place from an adsorbed ruthenium dye into the TiO 2 film. This charge injection occurs on the subpicosecond time scale, [17] [18] [19] [20] whereas electron transport through the film takes place on a time scale that could be as long as seconds. 21 Vanmaekelbergh and co-workers have introduced a rather elegant method for studying the photoreactivity of Q-CdSe nanoparticles at interfaces. 22, 23 In this case, a well-ordered array of particles is formed by self-assembly on gold electrodes using rigid spacers. Photoexcitation of the particles leads to electron tunneling across the self-assembled monolayer to the metal electrode. The dynamics of charge transfer was found to be dependent on the length of the spacer. Works by Riley et al. 24, 25 and Vanmaekelbergh et al. 26, 27 have shown that the electronic properties of CdS and PbS nanoparticles adsorbed on metal electrodes can be monitored by dynamic photocurrent measurements. In these studies, the kinetics of electron exchange between the metal electrode and the quantum dots is determined by the relative position of the Fermi level of the metal with respect to the band edges of the particles. This energy difference can be controlled by the applied bias potential.
In the present paper, a completely new method is introduced in which the photoelectrochemical behavior of the nanoparticles can be studied without their being confined to an electrode surface. This approach is based on the transfer of photogenerated charge carriers to redox species separated by a polarizable interface between two immiscible electrolyte solutions (ITIES). In a series of papers, photocurrent responses originating from the heterogeneous quenching of water-soluble dyes by hydrophobic redox species across the water|1,2-dichloroethane (DCE) junction have been studied in detail. [28] [29] [30] [31] [32] [33] The Galvani potential difference plays a fundamental role in these phenomena, as it affects the driving force for the charge transfer, 34 as well as the surface excess of the dye. 29, 30, 32 The results shown here clearly indicate that the assembly of electrostatically stabilized TiO 2 particles is also determined by the Galvani potential difference, as well as by the pH of the aqueous phase. Finally, it is demonstrated that the transfer of photogenerated carriers across the liquid|liquid boundary manifests itself as photocurrent responses under potentiostatic conditions.
Experimental Section
All reagents employed were of analytical grade. TiO 2 nanoparticles were prepared by the hydrolysis of TiCl 4 at low temperature (0°C) followed by dialysis as reported by Moser and Grätzel. 35, 36 From this method, spherical particles are obtained with a size distribution centered at 56 Å. The particles consist of anatase and amorphous TiO 2 . Electrophoretic measurements provided a point of zero potential of 4.7. 36 At pH's lower than 4 and higher than 9, the TiO 2 particles are electrostatically stabilized, and no aggregation is observed within several days. 37 Further details on the properties of the TiO 2 sols have been reported elsewhere. 36 The supporting electrolytes in the aqueous and organic phases were LiCl and bis(triphenylphosphoranylidene) ammonium tetrakis(pentafluorophenyl)borate (BTPPATPFB), respectively. Details on the preparation of BTPPATPFB have previously been reported. 30 The composition of the electrochemical cell is schematically shown in Figure 1 . The pH of the aqueous phase was adjusted to 3.5 and 11 by addition of solutions of HCl and NaOH. An all-glass electrochemical cell with a geometrical surface area of 1.53 cm 2 was employed for studies of the TiO 2 concentration dependence of the electrochemical responses. This cell features two separate compartments and luggin capillaries for each of the reference electrodes. 38 The dependence of the photocurrent on the light intensity was studied in total internal reflection from the organic phase to minimize the absorption of UV light in the bulk phases. The design of the 0.22-cm 2 cell featuring a piston buret has been described in a previous publication. 39 The electrochemical experiments were performed using a homemade four-electrode potentiostat connected to a PPR1 waveform generator (HI-TEK Instruments). The interfacial capacitance was calculated from admittance measurements using a Stanford Research System SR830 lock-in amplifier. The Galvani potential difference was estimated from the formal transfer potential of tetramethylammonium (∆ o w φ°′ ) 0.160 V).
Photocurrent transients were measured using polychromatic light from an Oriel Arc-Xe lamp. A grating monochromator was employed for the photocurrent spectra. The spectral resolution in this setup was typically 5-10 nm. The light intensity was normalized by a high-voltage photomultiplier tube.
Monochromatic photocurrent-potential curves were measured with the 325-nm line from a CW He-Cd laser (Omnichrome Series 74) under total internal reflection (TIR). Quantitative determination of the incident photon flux was complicated by absorption and reflection losses from the glass cell. By measuring the ratio between incident and reflected intensities in TIR, it was estimated that between 40 and 50% of the illumination at 325 nm was attenuated by the cell.
Results and Discussion
3.1. Electrochemically Induced Assembly of TiO 2 at the Water|DCE Interface. The effect of TiO 2 particles on the voltammetric behavior of the water|DCE junction at pH 3.5 is exemplified in Figure 2a . The transfers of Li + and Cl -from the aqueous phase to the DCE phase establish the positive and negative limits of the potential window, respectively. No faradaic signal is observed within the polarizable window, indicating that the TiO 2 particles remain in the aqueous phase in this potential range. However, it can be observed that the capacitive current increases at positive Galvani potential differences for an aqueous electrolyte with a pH of 3.5. This behavior is consistent with the fact that the TiO 2 particles are positively charged at this pH; therefore, the interfacial excess can be enhanced upon application of a positive potential with respect to the organic phase. On the contrary, the interfacial excess of the particles is increased at negative potentials at pH 11 as illustrated in Figure 2b . Under these conditions, TiO 2 is negatively charged due to ionization of the oxide surface.
The interfacial assembly of TiO 2 upon polarization at pH 3.5 is clearly illustrated by the differential capacitance curves in Figure 3a . These results were obtained from admittance measurements at a frequency of 6 Hz and an RMS amplitude of 4 mV. In this frequency range, the impedance response of the cell is determined by a single RC component associated with the uncompensated resistance and the double-layer capacitance. It is observed that the differential capacitance increases at positive potentials upon addition of TiO 2 . To estimate the excess charge induced by the particle assembly, the capacitance curves were integrated over the whole Galvani potential difference range, under the assumption that the pzc corresponds to the minimum of the capacitance in the absence of TiO 2 . Although this approximation might not be entirely accurate as discussed in previous works, 40 it allows for a semiquantitative analysis of the surface excess as a function of the applied potential. Figure 3b shows the excess charge for various concentrations of particles in the aqueous phase. The excess charge at a given potential appears to be very slightly dependent on the concentration of the particles above 0.1 g dm -3 . This effect can be further illustrated after subtraction of the excess charge in the absence of the particles (q diff ), as displayed in Figure 3c . As a first approximation, q diff can be taken as the effective excess charge introduced by the particle assembly. The behavior in Figure 3c further confirms that the onset of the particle excess concentration takes place close to -0.10 V and that the excess charge reaches saturation at a given potential for particle concentrations above 0.1 g dm -3 .
The saturation of the excess charge at high concentrations indicates that the particles cannot be considered as punctual charges as defined by the Gouy-Chapman model. Considering the TiO 2 colloid as an ensemble of noninteracting charged particles distributed across the diffused layer, the magnitude of q diff is expected to increase monotonically with increasing bulk concentration. However, the saturation of q diff suggests that the organization of particles at the interface can be rationalized in terms of a potential-induced adsorption process. The particle interfacial density can be estimated from q diff and the average charge per particle as derived from electrophoretic measurements. Taking into account that 5-nm-radius particles exhibit an average charge of 10 -18 C at pH 3.5, 36 the charge densities estimated from an analysis of Figure 3 suggest surface particle densities on the order of 10 12 cm -2 . This high surface density approaches the limit of a close-packed arrangement of spherical particles. Nevertheless, this simplified approach should be considered cautiously, as perturbations of the local potential distribution introduced by the particle assembly as well as changes in the interfacial pH upon polarization are not considered. We shall come back to this discussion later in this paper.
The effect of bulk pH on the interfacial assembly of particles is exemplified in Figure 4 . The behavior described at pH 3.5 can be contrasted with the increase in interfacial capacitance at negative potentials at pH 11. The differential capacitance curve in the absence of the particles remains unaffected by the pH of the aqueous phase. Under these conditions, negatively charged particles are assembled at the interface at negative Galvani potential differences. nanoparticles generates electron-hole pairs with quasi-Fermi levels approaching the energies of the conduction and valence bands 41 where E VB and E CB are given in volts vs SHE. Considering that the redox potential of ferrocene in DCE is 0.64 V vs SHE, 42 heterogeneous electron injection from this donor into holes in the valence band should occur readily on thermodynamic grounds. Figure 5 shows photocurrent responses originating from the heterogeneous photooxidation of ferrocene by TiO 2 across the water|DCE junction at pH 3.5. Similarly to the behavior observed for dye-sensitized water|DCE interfaces, no significant photoresponses are observed in the absence of particles or ferrocene. Furthermore, no photocurrents are detected upon illumination of only the bulk solutions. A sharp increase in the photocurrent occurs at potentials close to the pzc, which is consistent with the onset of the particle assembly at the liquid|liquid boundary region. At potentials higher than 0.1 V, the potential dependence of the photocurrent becomes substantially weaker.
Photoelectrochemical Behavior of TiO
The dependence of the photocurrent on the wavelength of illumination is depicted in Figure 6 . The photocurrent spectra were normalized to the incident light intensity. It is observed that the main features of the photocurrent spectra are similar to those of the UV-visible absorption spectrum superimposed in the same figure. Furthermore, a representation of (j photo /qI o ) 0.5 vs hν features a linear relationship with an ordinate intercept close to 3.1 eV, coinciding with the band gap of TiO 2 . This behavior also indicates that the optical transition associated with the photoelectrochemical responses corresponds to an indirect transition. Some deviations were observed at lower energies, which might arise from sub-bandgap photoresponses involving surface states on the particles. Photocurrent transients at pH 11 in the presence of the electron acceptor tetracyanoquinodimethane (TCNQ) in DCE are displayed in Figure 7 . The redox potential of TCNQ in DCE is 0.29 V vs SHE. 42 Taking into account the energy of the conduction band given by eq 2, the transfer of photogenerated electrons to TCNQ across the interface appears feasible. The negative photocurrents shown in Figure 7 are consistent with the transfer of a negative charge from the aqueous to the organic phase. The magnitude of the photocurrent increases as the Galvani potential is shifted to more negative values, reaching a maximum close to 0 V. Similarly to the case of ferrocene, the photocurrent onset potential is very close to the potential of minimum capacitance illustrated in Figure 4 . The rather slow relaxation observed in the presence of TCNQ is yet to be fully rationalized. From previous studies at dye-sensitized liquid|liquid interfaces, it is expected that diffusion phenomena involving TCNQ will be observed at substantially higher photocurrent densities. The dynamic features of the photocurrent transients will be addressed in subsequent publications.
The pH also exerts a strong effect on the transfer dynamics of photogenerated carriers across the liquid|liquid boundary. For instance, the efficiency of ferrocene photooxidation sharply decreases as the pH changes from 3.5 to 11. This behavior can be rationalized in terms of an increase in the rate of oxygen of TiO2 at pH 3.5 and 11. The solid line corresponds to the differential capacitance in the absence of the particles. E VB (TiO 2 ) ) 3.07 -(0.059 × pH)
E CB (TiO 2 ) ) -0.11 -(0.059 × pH) (2) Figure 6 . Photocurrent spectra at various Galvani potential differences obtained for 0.1 g dm -3 of TiO2 at pH 3.5 and 10 -3 mol dm -3 of ferrocene in DCE.
evolution at the particle surface at high pH. 41 As discussed in the next section, holes are swiftly trapped by surface OH -, leading to the formation of OH s
• . The photocurrent responses will be determined by the rates of electron capture by the surface radical from ferrocene and from the conduction band (recombination process), as well as OH s
• coupling to generate hydrogen peroxide. Conversely, the photocurrent in the presence of TCNQ decreases at low pH, which is consistent with a decrease in the quasi-Fermi level of the photogenerated electrons. Considering that the illumination introduces a high carrier density in the particles, the quasi-Fermi level of electrons effectively merges with the edge of the conduction band; consequently, the pH dependence can be expressed in terms of eq 2. Duonghong et al. have shown that a change in pH from 9 to 3 introduces a decrease in the rate constant for the homogeneous photoreduction of MV 2+ by approximately 3 orders of magnitude. 41 A similar dependence is also expected for the heterogeneous reaction across the liquid|liquid boundary, although the bimolecular rate constant can be smaller in comparison to the homogeneous process because of the distance separating the particles and the redox couple. In this case, the photocurrent responses reflect the competition between the transfer of conduction-band electrons and electron capture by oxygen at the interface. A detailed study of the pH dependence of the photocurrent will require stabilization of the particles in the region of 4 to 9. Steric stabilization, employing, for instance, poly(vinyl alcohol), might affect the organization of TiO 2 at the interface.
As far as we are aware, these results illustrate the first photocurrent analysis of hole-and electron-transfer processes from nanoparticle assemblies to redox species in solution. These results can be somewhat related to the work by Albery et al. on CdS and TiO 2 at optical rotating disk electrodes. [43] [44] [45] However, the latter approach describes the dynamics of particle-toelectrode charge transfer and the corresponding mass-transfer phenomena. A key aspect in the studies shown here is the molecular nature of the interfacial region; consequently, the dynamics of charge transfer are free from interference arising from electronic interactions with metallic surfaces.
Dynamic Aspects of Photoinduced Hole
Transfer across the Water|DCE Interface. Photocurrent potential curves obtained under chopped illumination at various light intensities and lock-in detection are displayed in Figure 8a . The chopping frequency was set to 7 Hz to minimize phase shifts associated with the double-layer charging, typically observed at frequencies close to 100 Hz. The photocurrent onset potential at ca. -0.05 V coincides with the increase in q diff illustrated in Figure 3 under identical conditions. This behavior unequivocally relates the photoelectrochemical responses with the formation of the nanoparticle assembly at the interface. However, the potential dependences of j photo and q diff show clear differences at potentials above 0.1 V. The weak dependence of the photocurrent on the Galvani potential difference in this potential range contrasts with the monotonically increment of q diff as illustrated in Figure 3 . This apparent dichotomy between j photo and q diff might indicate that the former reflects changes not only in the particle surface density but also in the average charge per particle. The latter can be affected by local pH changes associated with the polarization of the liquid|liquid boundary. Nonlinear optical studies at polarizable liquid|liquid interfaces have shown that the interfacial pH decreases as the Galvani potential difference increases. 46 This phenomenon arises from the concentration polarization of protons exerted by the local potential. 47 The hole-transfer reaction is likely to take place via the radical OH s • generated at the particle surface. Indeed, the surface OH groups act as a deep trap level for valence-band holes, which can further react to generate surface-bound hydrogen peroxide. [48] [49] [50] [51] [52] [53] [54] [55] The overall mechanism can be represented by where X s represents a site in the nanocrystalline lattice that is photoionized under band-gap illumination and Y is an electron acceptor. Electrons in the conduction band can be captured by oxygen in solution. Taking • ] ss , k 3 ), the photocurrent is simply given by the generation factor I 0 σΓ. This case corresponds to a quantum yield of unity for the hole-transfer process. On the other hand, if the lifetime of electrons in the particle is rather long (k 2 [OH s • ] ss . k 3 ) eq 14 can be rewritten as As expected, in the presence of electron-hole recombination, the photocurrent intensity is proportional to the square root of the light intensity. The dependence of the photocurrent on the photon flux is illustrated in Figure 8b for various Galvani potential differences. It is observed that the photocurrent density exhibits a nonlinear dependence over the range studied. To further analyze this behavior, independent estimations of the parameters k 2 and k 3 should be considered. For instance, dynamic studies in bulk solutions have shown that the rate constant for electron capture by oxygen is on the order of 10 -7 cm s -1 . 2 On the other hand, values of k 2 of 10 -14 cm 3 s -1 have been obtained from dynamic photocurrent measurements on single-crystal electrodes close to the flat-band potential. 54 The photon-capture cross section at 325 nm can be taken as σ ) 8 × 10 -15 cm 2 . 36 The dashed lines in Figure 8b illustrate the fittings employing eqs 13 and 14, taking k et and Γ as the adjustable parameters. These two parameters mostly affect the overall photocurrent density, whereas the ratio k 2 /k 3 determines the deviation from linearity of the photocurrent as a function of light intensity. As illustrated in Figure 8b , the initial values taken for k 2 and k 3 provide acceptable fittings to the experimental results.
The previous fitting shows that the density of particles increases from 0.5 to 3.5 × 10 10 cm -2 as the applied potential is increased from 0 to 0.3 V. These values are effectively 2 orders of magnitude smaller than the surface density estimated from the admittance measurements. These results suggest that the effective charge per particle at the surface is significantly larger than that in the bulk. Indeed, it is expected that the surface density is determined not only by the size of the particles but also by the electrostatic repulsions that counteract aggregation forces. The potential dependence of the surface density might reflect the equilibrium between the effect of the electrostatic field on the particle distribution and lateral electrostatic forces.
The present analysis also reveals that the phenomenological pseudo-first-order rate constant k et is on the order of 10 4 s -1 . Interestingly, the phenomenological k et is comparable to the rate constants obtained for the heterogeneous photooxidation of ferrocene derivatives by porphyrin species under similar conditions. 34 By contrast, this rate constant exhibits a rather weak potential dependence, suggesting that the driving force for hole transfer remains unaffected by the Galvani potential difference. A relevant point to consider is that the size of the particles is larger than the average thickness of the solvent distribution profiles at the liquid|liquid boundary, i.e., 1 nm. Therefore, a new formulation for heterogeneous electron transfer should be developed beyond the simplified model of two reactants separated by a sharp boundary between two dielectric media. 56-59
Conclusions
The photoreactivity of TiO 2 nanoparticles in solution can be studied by photocurrent measurements at liquid|liquid interfaces under potentiostatic conditions. The particles can be electrostatically assembled at the interface depending on the pH of the aqueous phase. For pH's lower than 4.7, the TiO 2 particles are positively charged as a result of the protonation of the surface oxide. Positive polarization of the interface leads to an increase of the surface excess charge. At potentials more positive than the pzc, the excess charge becomes independent of the particle concentration for values above 0.1 g dm -3 . This behavior 
e CB -+ Y 98 (15) suggests that the organization of the particles in the interfacial region is strongly determined by lateral electrostatic interactions rather than concentration polarization. Furthermore, it appears that the average charge per particle is strongly affected by the local pH, which is a function of the Galvani potential difference. Band-gap illumination of the particles at the interface can lead to the heterogeneous transfer of holes and electrons to redox species located in the organic phase. Photogenerated holes are readily trapped by hydroxyl groups at the surface, generating adsorbed OH s
• . Preliminary estimations based on typical lifetimes for conduction band electrons and OH s
• indicate that heterogeneous electron transfer from ferrocene take place on the microsecond time scale. For high pH, the efficiency of the heterogeneous photooxidation process is affected by a decrease in the lifetime of OH s
• probably due to an increase in the rate of oxygen evolution at the particle surface. In addition, increasing pH induces a shift in the particle Fermi level, increasing the driving force for the heterogeneous transfer of conduction-band electrons. Under these conditions, the photoreduction of TCNQ is observed at negative potentials.
Finally, the present studies open new possibilities for contactless photoelectrochemical and spectroscopic studies of nanoparticles in the presence of a static electric field. Indeed, this report describes the first direct measurement of the rate of charge transfer from nanoparticles to redox species in solution. By contrast, time-resolved spectroscopy, EPR, pulse radiolysis, and other techniques only monitor the generation of products as result of the photochemical reactions. We strongly believe that the implications of these observations are far-reaching. For instance, by effectively controlling the surface density of particles, we expect to address fundamental information on the reactivity of single particles vs assemblies with well-defined redox properties at the molecular level.
